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Plant immunity frequently involves the recognition
of pathogen-encoded avirulence (avr) factors by their
corresponding plant resistance (R) proteins. This
triggers the hypersensitive response (HR) where ne-
crotic lesions formed at the site(s) of infection help
restrict pathogen spread. HRT is an Arabidopsis R
protein required for resistance to turnip crinkle virus
(TCV). In a genetic screen for mutants compromised
in the recognition of TCV’s avr factor, we identified
crt1 (compromised recognition of TCV), a mutant
that prematurely terminates an ATPase protein. Fol-
lowing TCV infection, crt1 developed a spreading
HR and failed to control viral replication and spread.
crt1 also suppressed HR-like cell death induced by
ssi4, a constitutively active R protein, and by Pseu-
domonas syringae carrying avrRpt2. Furthermore,
CRT1 interacts with HRT, SSI4, and two other R pro-
teins, RPS2 and Rx. These data identify CRT1 as an
important mediator of defense signaling triggered
by distinct classes of R proteins.
INTRODUCTION
Plants have evolved various ways to defend themselves against
ever more challenging pathogens. These include preformed
physical and chemical barriers as well as inducible mechanisms
that provide resistance to virulent and avirulent pathogens. Per-
ception of an invading pathogen is often mediated by a plant re-
sistance (R) protein, which recognizes pathogen-encoded aviru-
lence (avr) factors either directly or indirectly (reviewed in Jones
and Dangl, 2006). One of themore visible responses triggered by
this gene-for-gene interaction is the hypersensitive response
(HR), in which necrotic lesions form at the site(s) of pathogen
infection, and the pathogen is restricted to these regions. The
HR also is associated with increases in the defense signaling
hormone salicylic acid (SA) and the activation of defense-associ-
ated genes, including several families of pathogenesis-related
(PR) genes (Durrant and Dong, 2004).
Over the past several years, many R genes conferring resis-
tance to plant pathogens have been cloned. Based on their48 Cell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc.structural characteristics and protein motifs, they have been
divided into six classes with the vast majority belonging to the
coiled-coil (CC)-nucleotide binding site (NBS)-leucine-rich re-
peat (LRR) or Toll-interleukin 1 receptor (TIR)-NBS-LRR classes
(Martin et al., 2003). Analysis of resistance to bacterial and
oomycete pathogens in Arabidopsis has indicated that the de-
fense signals generated by various R proteins likely converge
into a limited set of pathways, with CC-NBS-LRR proteins gen-
erally requiring the NDR1 gene and TIR-NBS-LRR proteins usu-
ally utilizing EDS1 (Aarts et al., 1998). However, the molecular
mechanism(s) through which R proteins recognize a pathogen(s)
and initiate resistance signaling remains unclear. Yeast two-
hybrid analyses have indicated that some R proteins, including
RRS1 from Arabidopsis, Pi-ta from rice, and L5, L6, and L7
from flax, directly interact with their corresponding avr effector
proteins PopP2, AVR-Pita, or various AvrL variants, respectively
(Deslandes et al., 2003; Dodds et al., 2006; Jia et al., 2000). Since
the LRR domains of flax L and P alleles are critical for determin-
ing pathogen specificity (Dodds et al., 2001; Ellis et al., 1999) and
the LRR domain of Pi-ta binds AVR-Pita (Jia et al., 2000), R pro-
teins may serve as receptors for pathogen-encoded effectors,
with the specificity of each R protein determined by its LRR
domain. Supporting this possibility, NOD1 and NOD2, which
are members of the mammalian nucleotide binding oligomeriza-
tion domain (NOD) protein family, share similar domain structure
with R proteins containing NBS-LRR domains and signal innate
immunity by detecting peptidoglycan-derived products from
bacterial pathogens via their LRR domain (Girardin et al., 2003;
Inohara et al., 2003).
While this ligand-receptor model may be appropriate for
certain R proteins, most do not interact directly with their corre-
sponding pathogen effector (reviewed in DeYoung and Innes,
2006). Instead, many R proteins appear to sense the presence
of a pathogen indirectly by monitoring the state of a host protein
targeted by the pathogen’s effector. For example, RPM1 and
RPS2 of Arabidopsis monitor the host protein RIN4 either for
phosphorylation mediated by AvrRpm1 or AvrB or for degrada-
tion mediated by AvrRpt2, whereas RPS5monitors the host pro-
tein PBS1 for cleavage mediated by AvrPphB (Axtell et al., 2003;
Mackey et al., 2002; Shao et al., 2003). Tomato Prf and potato Rx
also interact with host proteins (Pto and RanGAP, respectively)
that are required for resistance to Pseudomonas syringae carry-
ing AvrPto or to PVX, although modification of Pto or RanGAP by
pathogen effectors remains to be demonstrated (Mucyn et al.,
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indirect recognition of pathogen infection is described by ‘‘the
guard hypothesis’’ (reviewed in Belkhadir et al., 2004). Interest-
ingly, all of the above R proteins interact with host proteins via
their N-terminal domain, suggesting that this domain is involved
in detecting host protein modification.
TheArabidopsisRprotein HRT is required for resistance to tur-
nip crinkle virus (TCV; Cooley et al., 2000). TCV is a well-charac-
terized, positive sense RNA virus that belongs to the carmovirus
group. Its avr effector is the amino terminus of the coat protein
(CP; Zhao et al., 2000). While most Arabidopsis ecotypes are
susceptible to TCV, the Di-17 ecotype carrying HRT develops
an HR, expresses several PR genes, accumulates both SA
and the phytoalexin, camelexin, and suppresses systemic viral
spread following infection (Cooley et al., 2000 and references
therein). HRT is a paralog of another antiviral R gene, RCY1,
and also RPP8, which confers resistance to Hyaloperonospora
parasitica (McDowell et al., 1998; Takahashi et al., 2002).
Although HRT is required for both HR development and resis-
tance, it is not sufficient for resistance in the absence of a reces-
sive allele at a second locus, designated rrt (Kachroo et al.,
2000). Further analysis revealed that TCV resistance requires
SA and genes EDS1, EDS5, PAD4, and SID2, but not NPR1,
RAR1, or SGT1 or the defense signals JA or ethylene (Chan-
dra-Shekara et al., 2004; Kachroo et al., 2000). By contrast,
TCV-induced HR development does not require SA or any of
these genes. Thus, HRT-mediated signaling appears to activate
at least two pathways, of which only one is SA dependent. HRT-
mediated resistance also requires a host-encoded protein,
termed TCV-interacting protein (TIP), which interacts with the
TCV CP and triggers defenses via an unknown mechanism
(Ren et al., 2005).
To further dissect the pathway(s) leading to HR development
and TCV resistance, a genetic screen was performed to identify
mutants compromised for recognition of the TCV CP. Analysis of
one mutant, designated crt1, suggests that the CRT1 family
plays an important role in resistance signaling triggered by
distinct classes of R proteins.
RESULTS
Isolation of the crt1 Mutant
To gain insight into HRT-mediated signaling in Arabidopsis,
mutants defective for recognition of the TCV CP were isolated
through a genetic screen using a transgenic line expressing the
CP under a dexamethasone (Dex)-inducible promoter. After
screening 50,000 M2 lines of EMS-mutagenized transgenic
CP plants in the resistant Di-17 background, 11 mutants were
obtained that survived Dex treatment, which was lethal for the
parental transgenic line (Figure 1A). Six of the mutants accumu-
lated detectable levels of CP (Figure 1B), and sequence analysis
found no mutation in the CP transgene or the HRT gene. One
mutant, named crt1, was chosen for further study.
The crt1 phenotype is conferred by a single, semidominant
locus that was mapped to a 182 kb region containing 53 genes
on chromosome 4 (Figure 1C). Subcloned fragments of three
BACs (derived from Col-0) covering this region were tested for
their ability to restore lesion formation in Dex-treated crt1 plants.
Two lines were identified (C1 and C2) that showed similar levelsCof cell death following Dex treatment as the control parental line
(GW1-1; Figure 1D). Sequence analysis of the region in crt1 cor-
responding to the complementing subcloned fragments identi-
fied a G/A transition in At4g36290. Since this mutation is in
the 50 splice site of intron 4, the 50 splice site of intron 3 is used
instead, which resulted in splicing out exon 4 and its flanking
introns and formation of a prematurely terminated 129 aa pro-
tein, of which the first 116 aa correspond to the WT protein
(Figure 1E); this was confirmed by sequence analysis of cDNA
from crt1. This splicing pattern is known as ‘‘exon skipping’’
(Brown, 1996).
CRT1 Encodes a Protein with ATPase Activity
Sequence analysis revealed that CRT1 is a proteinwith a putative
ATPase motif located between aa 105–197, which is largely de-
leted in crt1. This ATPase motif, designated ‘‘HATPase_C’’ in the
NCBI domain database, is found in members of the recently rec-
ognized ATPase/kinase GHKL (Gyrase, Hsp90, histidine kinase,
MutL) superfamily (Dutta and Inouye, 2000). Sequence align-
ment showed that all of the catalytic motifs conserved in
‘‘HATPase_C’’ are present in CRT1 (Bergerat et al., 1997; Fig-
ure 2A). However, CRT1 does not share significant homology
Figure 1. Isolation and Characterization of crt1
(A) Screening for crt mutants on MS medium with Dex. crt1 is circled.
(B) Immunoblot analysis of CP expression in 11 crtmutants at 3 dpt with Dex.
Two plant proteins crossreact with the aCP antibody, as shown in untrans-
formed Di-17 (W); CP migrates between these host proteins.
(C) Fine mapping of crt1. The top line represents a portion of chromosome 4. A
larger scale of the indicated region is shown below, with the markers noted be-
low the line and number of recombination events in parentheses. BAC clones
spanning this region are represented as labeled boxes. Arrows directly be-
neath these boxes representCRT1 (At4g36290) and neighboring genes. Geno-
mic subclones transformed in lines C1 and C2 are indicated with a bracket at
the bottom.
(D) Four-week-old plants expressing genomic subclones C1 or C2 develop an
HR after Dex treatment as does GW1-1. GW1-1 contains a Dex-inducible TCV
CP transgene; it is the parental line used in the genetic screen. The photograph
was taken 5 days after Dex treatment.
(E) Partial sequence ofCRT1. Exons and introns are shown in capital and small
letters, respectively. The exon deleted due to the crt1 mutation is underlined,
and themutated nucleotide and premature termination codon are shown in red
and blue, respectively. Numbers at the left denote nucleotides within CRT1,
starting with the ‘‘A’’ of the translational initiation codon ATG.ell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc. 49
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ATPase motif.
To test if CRT1 has ATPase activity, recombinant CRT1 and
crt1 proteins were prepared from E. coli. CRT1 exhibited
40% of the ATPase activity shown by the positive control, rat
Na+K+ATPase, whereas activity of crt1 was comparable to those
of the negative controls (Figure 2B). Neither CRT1 nor crt1 dis-
played GTPase activity.
CRT1 has six homologs in Arabidopsis, none of which have
been characterized previously. Two of these, CRT1-h1
(At4g36280) and CRT1-h2 (At4g36270), are closely related to
CRT1 (81% and 70% identity at the aa level) and are located
next to CRT1 on chromosome 4. The other four are distantly
related (44%–50% identity; Figure 2C) and are located further
away on chromosome 4 or on chromosomes 5 or 1. Comple-
mentation analysis indicated that CRT1-h1 also restores lesion
formation in Dex-treated crt1 plants (C1 in Figure 1D), raising
the possibility that some members of the CRT1 gene family are
functionally redundant. This result is consistent with the semi-
dominant nature of the crt1 phenotype and suggests that the
number of functional CRT1 family members affects lesion forma-
tion in Dex-treated crt1 plants.
Figure 2. CRT1 IsaMemberof theGHKLATPase/KinaseSuperfamily
(A) Consensus motifs in the GHKL superfamily are conserved in CRT1. Red
and green letters correspond to identical and similar amino acids, respectively.
The ATPase motifs from CRT1, gyrase (E. coli GyrB; gi21730596), heat shock
protein 90 (S. cerevisiaeHSP90; gi5542107), histidine kinase (R. solanacearum
VsrA; gi403572), and mismatch repair protein (T. Pallidum MutL; gi8039787)
were aligned with the consensus sequence.
(B) ATPase/GTPase activity of recombinant CRT1 and crt1. [g-32P] ATP or GTP
was incubated with recombinant proteins, and levels of released [32P] phos-
phate were determined for CRT1 (1), crt1 (2), rat Na+K+ATPase (positive con-
trol; 3), tobacco SABP2 (negative control; 4), and boiled proteins (negative
control) using the method of MacKintosh (1993). This analysis was performed
three times; the mean ± SD is presented.
(C) Phylogenetic comparison of the CRT1 gene family in Arabidopsis. The
alignment was made with CLUSTAL-X using the default parameters.TCV Resistance Is Suppressed in crt1
and CRT1-Silenced Plants
To facilitate functional analysis of CRT1 in defense responses
and avoid complications due to potential functional redundancy
ofCRT1 familymembers, RNAi-mediated silencing (Wesley et al.,50 Cell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc.2001) was used to suppress the expression of CRT1 and its two
closest homologs, CRT1-h1 and CRT1-h2. Semiquantitative
RT-PCR analysis showed that crt1, CRT1-h1, and CRT1-h2
were partially silenced (5%–50%) in both the WT Di-17
(hp-crt1-D) and the crt1 background (hp-crt1-m), while expres-
sion of CRT1-h4, which shares no significant homology to the si-
lencing construct, was not (Figure 3A). Since we were unable to
identify plants in which expression of CRT1 and its two closest
homologs were completely silenced, despite screening 56 lines,
one or more of targeted CRT1 family members may be required
for viability. Supporting this possibility, 25% of the seeds
from self-fertilized plants heterozygous for a T-DNA knockout in
CRT1-h2 were aborted and no homozygous knockout lines
were found subsequently (H.-G.K. and D.F.K., unpublished
data), suggesting that the knockout phenotype of CRT1-h2 is
likely lethal.
CRT1 was expressed constitutively and not induced by TCV
infection (Figure 3A), which is consistent with NASC arrays
data (expression data for CRT1-h1 and CRT1-h2 are not avail-
able in the database). To determine whether TCV-induced
defense responses are altered in crt1 mutant or CRT1-silenced
lines, expression of various defense genes was monitored.
Northern analysis indicated that PR-1 and PR-5, whose induc-
tion is associated with HR to TCV (Cooley et al., 2000 and refer-
ences therein), are induced in crt1 and CRT1-silenced lines to
comparable levels as in Di-17 plants at 3 dpi (Figure 3B). RT-PCR
analysis of 114 genes shown to be induced by diverse RNA
viruses in susceptible Arabidopsis using GeneChip analysis
(Whitham et al., 2003) also did not reveal significant difference
in the expression of most of these genes following TCV infection
(data not shown).
During the initial characterization of crt1, we noted that while
cell death did not occur following expression of the CP trans-
gene, it was induced by TCV infection. Since TCV infection leads
to103more CP than Dex-induced expression of the CP trans-
gene (see Figure S1 available with this article online), it is likely
that the higher CP levels are sufficient to trigger an HR. Whether
the crt1 mutation affects other aspects of HR development
was then assessed. Lesion formation on TCV-infected crt1 and
CRT1-silenced lines was comparable with that observed on
Di-17 at 3 dpi, whereas no lesions were observed on Col-0 (Fig-
ure 3C). However, by 8 dpi, lesions on crt1 and CRT1-silenced
lines were larger than those formed on Di-17. Moreover, they
continued to spread and eventually covered the entire leaf,
whereas those on Di-17 remained discrete. In addition, necrotic
lesions developed on the uninoculated leaves of crt1 and CRT1
silenced plants at 8 dpi, suggesting that systemic spread of TCV
had occurred (Figure 3C).
To determine whether TCV resistance was altered in crt1 or
CRT1-silenced lines, TCV CP accumulation was monitored by
immunoblot analysis using 10-fold serial dilutions to facilitate
quantitative comparison. Similar levels of CP were observed in
crt1, CRT1-silenced lines, and Di-17 at 3 dpi; these levels were
substantially lower than thoseobserved in susceptibleCol-0 (Fig-
ure 3D). CP levels in the inoculated leaves of crt1 and hp-crt1-D
also were comparable to those in Di-17 at 8 dpi, whereas
hp-crt1-m plants contained 10-fold higher levels. Analysis of
systemic viral movement at 8 dpi revealed no CP in the uninoc-
ulated (systemic) leaves of resistant Di-17 plants, but moderate
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Clevels of CP in the uninoculated leaves of crt1 plants, slightly
higher levels in hp-crt1-D plants and even higher levels in hp-
crt1-m plants. hp-crt1-m plants also accumulated CP in their in-
florescences, unlike Di-17, crt1, or hp-crt1-D plants. However,
since the level of CP in hp-crt1-m-silenced plants was substan-
tially lower than that in Col-0 plants, their resistance to TCV was
not fully suppressed.
Analysis of disease symptom severity revealed a correlation
with the level of CP accumulation. Unlike TCV-inoculated Di-17
plants or uninfected controls, infected crt1 and hp-crt1-D plants
developed yellowing inflorescences and produced substantially
fewer siliques, suggesting compromised TCV resistance (Fig-
ure 3E; uninfected plants at a comparable age are shown in Fig-
ure 3F). The symptoms displayed by TCV-infected hp-crt1-m
were even more severe than those on crt1 and hp-crt1-D, sug-
gesting an even greater loss of resistance. Unexpectedly, the
symptoms exhibited by TCV-inoculated hp-crt1-m plants were
significantly more severe than those of susceptible Col-0. A pos-
sible explanation for this is that the high level of viral replication
and spread in hp-crt1-m plants triggers HRT-mediated cell
death, which might arrest plant growth and development more
extensively than that due to disease symptoms alone.CRT1Modulates ssi4-Mediated Spontaneous Cell Death
ssi4plants contain a gain-of-functionmutation in a TIR-NBS-LRR
type R protein that leads to constitutive activation of defense
responses, including HR-like lesion formation, SA accumulation,
defense-related gene expression, and enhanced resistance
(Shirano et al., 2002). To determine whether CRT1 is required
for ssi4-induced spontaneous lesion formation, F2 progeny of
a cross between ssi4 and crt1 was analyzed. Lesion formation
on ssi4 crt1 doublemutant plants was highly suppressed in com-
parison to that displayed by ssi4, particularly on the younger
leaves (Figure 4A, see enlarged panels). In addition, ssi4-induced
stunting was partially suppressed in the ssi4 crt1mutant. To en-
sure that suppression of both ssi4-induced phenotypes was due
to crt1 and not ecotype variation, we developed a second map-
ping population consisting of ssi4 homozygous F2 progeny from
thessi4andcrt1cross.Suppressionofssi4-mediatedstuntingand
lesion formation was mapped to the bottom of chromosome 4,
consistent with the location of crt1. Further confirming this
result, crt1 suppressed cell death induced by Agrobacterium-
mediated transient overexpression of ssi4. In Di-17 plants, over-
expression of ssi4 induced spontaneous cell death, whereas in
crt1 plants, this phenomenon was greatly reduced (Figures 4B
(C) Four-week-old plants from the indicated lines were inoculated with TCV;
inoculated (Inoc.) and uninoculated systemic (Sys.) leaves were excised and
photographed at 3 and 8 dpi. No HR was detected on the systemic leaves
at 3 dpi (data not shown).
(D) Quantification of TCV CP protein accumulation using immunoblot analysis
with the aCP antibody. Four 10-fold serial dilutions from 1 to 1000 were made
with protein extracts from the indicated lines. Protein extracts from inoculated
(Inoc.) leaves, uninoculated systemic leaves (Sys.), and inflorescences (Infl.)
were prepared at 3 and/or 8 dpi with TCV. No CP was detected in systemic
leaves or inflorescence at 3 dpi (data not shown).
(E) Representative plants from the indicated lines at 18 dpi with TCV.
(F) Uninfected plants from the indicated lines at a comparable age to those in
(E). For (C), (D), and (E), three independent experiments were performed with
similar results.Figure 3. HR Development and Disease Symptoms in crt1 and
CRT1-Silenced Plants
(A) RNA was isolated from 4-week-old Col-0, Di-17, crt1, hp-crt1-D, and
hp-crt1-m plants at 0 and 3 dpi with TCV and analyzed using RT-PCR with
primers specific for the indicated genes. b-tubulin was used as a control.
(B) Northern analysis of PR-1 and PR-5 expression; 30 mg of the same RNA as
in (A) was separated. rRNA was used as a loading control.ell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc. 51
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or crt1plants induced little or no cell death. Taken together, these
results suggest that CRT1 plays a role in defense signaling path-
ways activated by both CC- and TIR-NBS-LRR type R proteins.
Figure 4. CRT1 Is Required for ssi4-Mediated Spontaneous Cell
Death
(A) Comparison of themorphological phenotypes displayed by 3-week-oldWT
No¨, ssi4 and ssi4 crt1. Above are panels enlarged to show younger leaves of
ssi4 and ssi4 crt1.
(B) Transient overexpression ofWTSSI4 and ssi4 in WTDi-17 and crt1mutants
at 4 dpt with Dex. Three-week-old WT Di-17 and crt1 were infiltrated with
Agrobacterium carrying WT SSI4 or ssi4 under a Dex-inducible promoter.
(C) Cell deathwas visualizedby trypanblue staining of leaves shown in (B). Note
that the spot(s) near the tipof each leaf in (B) and (C) aredeadcells resulting from
mechanical injury from the syringe tip during Agrobacterium infiltration. They
should not be confused with the ssi4-induced cell death that affects a much
larger infiltrated area. ssi4-induced area of cell death are indicated by arrows.CRT1 Interacts with HRT and Other NBS-LRR Proteins
To investigate whether CRT1modulates TCV resistance by inter-
acting with HRT and/or the TCVCP,HA-tagged HRT,HA-tagged
CP, and/or Myc-tagged CRT1 were transiently expressed in
Nicotiana benthamiana. Immunoblot analysis revealed multiple
bands that crossreacted with the TCV CP antibody in addition
to the WT CP (lower) and the CP-HA fusion protein (upper;
Figure 5A, panel ii). Analysis with aMyc antibody revealed that
CRT1 migrates as a doublet; thus, CRT1 may be subjected to
posttranslational modification (Figure 5A, panel iii). Coimmuno-
precipitation (co-IP) analyses indicated that both Myc-tagged
CRT1 formsco-IPwithHRTbut hardlywithCP (Figure 5Apanel iv).
No interaction was detected between HRT and the TCV CP (data
not shown), and the presence of CP did not reproducibly affect
the interaction between CRT1 and HRT (lanes 4 and 5, Figure 5A,
panel iv). Agroinfiltration with the TCV genome reduced the
amount of CRT1 that co-IP with HRT (compare lanes 4 and 9);
however, this result likely reflects the reduced expression of
CRT1 and HRT (Figure 5A, panels i and iii) during coinfiltration
with TCV rather than reduced protein-protein interaction. No
interaction was detected between CRT1 and unrelated proteins,
including GFP (Figure 5A, lanes 2 and 7) and a transcription52 Cell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc.factor TGA2 (data not shown), suggesting that the interaction
of CRT1 with HRT is specific.
CRT1 and various truncated HRT variants were coexpressed
to determine which domain of HRT interacts with CRT1. The
CC-NBS and NBS-LRR derivatives of HRT interacted with both
Myc-tagged CRT1 forms (Figure 5B). NBS and LRR domains
also interacted with CRT1, although analysis with truncated
variants of CRT1 (see below) indicated that binding with the
LRR domain is likely nonspecific. By contrast, the CC domain
alone failed to bind CRT1. Taken together, these results suggest
that CRT1 binds the NBS domain of HRT.
Serial deletion N- and C-terminal variants of CRT1 were then
generated to map the region of CRT1 interacting with HRT (Fig-
ure 5C). The CC-NBS domain of HRT was used instead of full-
length HRT to map the interacting region in CRT1, since the
LRR domain bound all the truncated versions of CRT1 tested
(Figure S2); the reason for this apparently nonspecific binding
is unclear. WhileWT CRT1 and the two N-terminal truncated var-
iants (DN1 andDN2) interacted with the CC-NBS domain of HRT,
binding of DN3 or the C-terminal truncated variants (DC1, DC2,
and DC3) was significantly compromised (Figure 5D, panel iii).
Note that both the DC3 variant and crt1, which consist primarily
of the same N-terminal 116 aa, showed little to no interaction
with HRT (Figure 5D, lanes 7 and 8). Results with the N-terminal
deletions suggest that residues 201–400 mediate most of the in-
teraction with HRT. In addition, the site(s) for putative posttrans-
lational modification of CRT1 seem to be located in this region,
as the two CRT1 forms were observed only in WT and variants
DN1, DN2, and DC1 (Figure 5D). Interestingly, most or all of var-
iant DC1 is in the modified form that interacts poorly with HRT,
despite sharing residues 201–400 with WT and variants DN1
and DN2. These results suggest that posttranslational modifica-
tion of CRT1 interferes with its interaction with HRT and the C-
terminal region of CRT1 (residues 401–635) negatively regulates
this modification. The strong interaction of DC1 with SSI4 (Fig-
ure S3) suggests that this modification affects interaction with
some but not other R proteins.
Since crt1 altered ssi4- as well as HRT-induced defense
responses, SSI4 and other NBS-LRR proteins were tested for
interaction with CRT1 (Figure 5E). Like HRT, HA-tagged SSI4
bound CRT1. Deletion analysis indicates that similar to the CC-
NBS domain of HRT, the TIR-NBS domain of SSI4 interacts
well with variants DN1 and DN2, but weakly or not at all with
DN3, DC2, and DC3 (Figure S3). Rx from potato also interacted
with CRT1. Since overexpression of some R proteins like
RPS2, even in the absence of their corresponding avr factor, in-
duces cell death and, therefore, reduces the level of R protein,
we utilized a mutant RPS2 (RPS2m; K188L; Tao et al., 2000) to
avoid autonomous cell death and, thus, enhance RPS2 levels.
Despite the still low amount of RPS2m, interaction with CRT1
was evident. Analyses of CRT1 association with tobacco N or
Arabidopsis SNC1 and RPS5 were inconclusive due to poor
expression (Figure 5E and data not shown).
Truncated CRT1 Variants Suppress Autonomous
Cell Death Induced by ssi4
If CRT1 is an important component involved in relaying a signal
from NBS-LRR proteins, overexpression of truncated or debili-
tated CRT1 proteins might block R gene-mediated resistance
Cell Host & Microbe
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Cand/or HR development. Unfortunately, this hypothesis could
not be tested using N. benthamiana coexpressing HRT and
TCV CP because HR development was delayed and unreliable
(data not shown). N. benthamiana transiently expressing ssi4
displayed spontaneous cell death; thus, the effect of the CRT1
variants on this phenomenon was monitored instead. ssi4-
triggered spontaneous cell death was substantially reduced in
N. benthamiana expressing the DN2, DN3, or DC3 variants of
CRT1, whereas WT CRT1 or the other truncated CRT1 variants
showed little to no effect (Figures 5F and 5G). Overexpression
of WT CRT1 or the truncated variants in the absence of ssi4
did not elicit cell death (data not shown).
Members of the CRT1 Family Modulate
RPS2-Induced HR
To assess whether CRT1 and/or its two most closely related
homologs are involved in defense against nonviral pathogens,
RNAi-mediated silencing was used to generate Col-0 plants
(hp-crt1-C) in which CRT1 and CRT-h1 were partially sup-
pressed; expression of CRT1-h2 was very low in both WT Col-
0 and silenced plants (Figure 6A). hp-crt1-C plants were tested
for altered RPS2-mediated resistance responses after infection
by avirulent P. syringae pv tomato DC3000 carrying avrRpt2
(Pst). Similar to our results with hp-crt1-D and hp-crt1-m (Fig-
ure 3B), Pst-induced expression of PR-1 and PR-5 was not al-
tered in hp-crt1-C plants (Figure 6A). However, the HR triggered
by Pst was suppressed in hp-crt1-C at 20 hpi whereas the HR in
WT Col-0 began to develop by this time (arrowed in Figure 6B).
Eventually the HR appeared in hp-crt1-C, perhaps because
silencing of the CRT1 family was incomplete (data not shown).
Suppression of HR in hp-crt1-C was quantified using electrolyte
leakage to measure cell death (Figure 6C). Electrolyte leakage
from dying cells was suppressed at 10, 20, and 30 hpi in
hp-crt1-C compared to WT Col-0, consistent with the delayed
appearance of lesion in hp-crt1-C (Figure 6B). This delay in HR
development, however, did not coincide with reduced resistance
since bacterial growth in hp-crt1-C and WT Col-0 plants was
comparable (Figure 6D).
DISCUSSION
Here, we demonstrate that CRT1, a member of the recently rec-
ognizedGHKL ATPase/kinase superfamily, is involved in disease
resistance in plants. Following infection with TCV, plants lacking
(D) Full-length WT and truncated variants of CRT1 were coexpressed with the
CC-NBS domain of HRT. Input (i and ii) and IP (iii) proteins were analyzed using
IB with aHA (ii) and aMyc (i and iii). Red asterisks indicate the expected sizes of
the CRT1 proteins. The yellow pound symbol (#) indicates the expected size of
the DC1 protein with posttranslational modification.
(E) HA-tagged HRT, Rx, Est-inducible RPS2m, N, or Dex-inducible SSI4 were
coexpressed with CRT1. Input (i and ii) and IP (iii) proteins were analyzed using
IB with aHA (i) or aMyc (ii and iii). Red asterisks indicate the expected sizes of
HA-tagged R proteins.
(F) Suppression of ssi4-induced cell death in N. benthamiana by expression of
truncated variants of CRT1. Transient expression of ssi4 and variants of CRT1
were controlled by Dex- or Est-inducible promoter, respectively. The photo-
graph was taken at 4 dpt with Dex and Est.
(G) To better visualize cell death, the leaf from (F) was bleached in ethanol for
3 days.Figure 5. CRT1 Interacts with HRT and Other NBS-LRR Proteins;
Truncated Variants of CRT1 Suppress Autonomous Cell Death
Induced by ssi4
(A, B, D, and E) Transient expression via agroinfiltration in 4-week-old N. ben-
thamiana. Soluble extracts from N. benthamiana at 3 dpi were subjected to
immunoblotting (IB) with aCP or aMyc or immunoprecipitation (IP) with aHA
agarose beads, followed by IB with aMyc. Size markers are shown on the right
of the panel in kDa. All the genes were overexpressed under the CaMV 35S
promoter unless otherwise noted. At least three independent experiments
were performed with similar results.
(A) Transient expression of HA-HRT and HA-CP and Myc-CRT1 under an
estradiol (Est)-inducible promoter. Input (i–iii) and IP (iv) proteins were analyzed
using IB with aHA (i), aCP (ii), or aMyc (iii and iv).
(B) TruncatedderivativesofHRTwerecoexpressedwithMyc-CRT1. Input (i and
ii) and IP (iii) proteins were analyzed using IB with aHA (i) and aMyc (ii and iii).
(C) Schematic representation of deletion variants of CRT1. The threeN-terminal
and three C-terminal deletion variants were expressed under the Est-inducible
promoter.ell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc. 53
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systemic viral spread, whereas WT plants developed a discrete
HR and restricted the virus to the inoculated leaves. Silencing
CRT1 and its two closest homologs led to even greater levels
of viral replication in the inoculated and systemic leaves and
heightened disease symptoms, suggesting that at least some
members of the CRT1 family are functionally redundant. Since
loss of CRT1 suppressed spontaneous HR-like cell death in
the ssi4 mutant and delayed HR in response to Pst carrying
avrRpt2, CRT1 also appears to play a role in the SSI4- and
RPS2-mediated signaling pathways. Consistent with a function
in these pathways, CRT1 interacted with HRT, SSI4, and RPS2.
Interestingly, deletion analysis of CRT1 revealed that all of the
variants capable of suppressing ssi4-induced cell death in
N. benthamiana lacked a region spanning residues 117–200,
whereas variants containing this region did not. This region spans
the ATPase domain, which is located at residues 105–197; the
significance of this finding is currently unclear. Taken together,
these results suggest thatCRT1 is an important signaling compo-
nent for R gene-mediated HR development and resistance.
It is interesting to note that, while members of the CRT1 family
are important for TCV resistance, crt1 mutant plants and/or
Figure 6. Silencing of CRT1 Family Members Affects RPS2-Induced
HR Development
(A) RNA was isolated from 4-week-old WT Col-0 and hp-crt1-C plants at 0, 8,
and 24 hpi with Pst carrying AvrRpt2 and analyzed using RT-PCR and primers
for the specified genes. b-tubulin was used as a control.
(B) Photographs of leaves from 4-week-old WT Col-0 and crt1-C plants at
20 hpi with Pst carrying avrRpt2. HR development is delayed in hp-crt1-C
plants, as no lesions are visible on the detached leaves (upper panel) or after
these leaves were bleached with ethanol for 3 days to better visualize the
HR (lower panel). Arrows denote the areas developing an HR.
(C) Electrolyte leakage was measured in 4-week-old WT Col-0 and hp-crt1-C
plants at 0, 10, 20, and 30 hpi with Pst carrying avrRpt2; the mean of six plants
± SD is presented. An additional independent experiment was performed with
similar results.
(D) Following inoculation with Pst carrying avrRpt2, bacterial growth in WT
Col-0 and hp-crt1-C plants was measured at 0, 2, and 4 dpi; the mean ± SD
is presented. For (B) and (D), three independent experiments were performed
with similar results.54 Cell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc.CRT1-silenced lines develop an HR similar to that on Di-17
plants at 3 dpi. This contrasts with the HR-deficient phenotype
observed in crt1 plants expressing the TCV CP transgene. A
likely explanation for this apparent discrepancy is that amutation
in CRT1 or partial silencing of the CRT1 family suppresses the
ability of this family to perceive and/or transmit a defense sig-
nal(s) leading to the HR (and resistance). Thus, in the presence
of higher levels of TCVCP, such as those produced by viral infec-
tion, the amplitude of the defense signal would be sufficiently
high that an HR is activated despite reduced transmission of
the signal due to mutation or silencing of CRT1. By contrast,
the lower levels of TCV CP produced by Dex-induced transgene
expression would generate a weaker defense signal that is insuf-
ficient to induce an HR when CRT1 is impaired. This model of
CRT1 as a component of the HR signaling pathway is also con-
sistent with suppression of ssi4-induced spontaneous HR-like
lesion formation by crt1 and delay in RPS2-mediated HR.
While HR development often correlates with disease resis-
tance, growing evidence suggests that it is not sufficient to confer
resistance (Bendahmane et al., 1999; Chandra-Shekara et al.,
2004;Dinesh-Kumar et al., 2000; Yu et al., 1998). The observation
that crt1 and CRT1-silenced plants develop an HR at the same
time as WT plants after TCV infection yet become systemically
infected, further argues that HR development is not the primary
mechanism through which pathogen replication and spread are
prevented. Indeed, the spreading lesion phenotype, combined
with the appearance of lesions on the uninoculated leaves of
crt1mutant/CRT1-silenced plants suggests that theHR is trailing
viral movement. Consistent with this possibility, certain muta-
tions in the Arabidopsis RCY1 and tobacco N genes confer
delayed, spreading lesions on the inoculated leaf and necrosis
in the uninoculated leaves; these phenomena correlate with sys-
temic viral movement (Dinesh-Kumar et al., 2000; Sekine et al.,
2006). Since various single aa substitutions in RCY1 andN confer
viral susceptibility in the presence or absence of a WT HR, it
appears that some aa on these R proteins are independently
required for activating defenses leading to pathogen restriction
or HR development. The observation that mutation/silencing of
CRT1 confers TCV susceptibility in conjunction with an altered
HR-like response to CP transgene phenotype raises the possibil-
ity that CRT1 also functions at an early point in the resistance sig-
naling pathway, before the branch leading to HR and pathogen
restriction splits.
Members of the GHKL superfamily perform various functions
in the cell. For example, histidine kinases play key roles in sens-
ing the environment. ETR1, the first plant histidine kinase identi-
fied, is an ethylene receptor; mutations in this protein confer
enhanced pathogen susceptibility (Geraats et al., 2002), arguing
that ethylene is an important signal for some plant defense
responses. Since histidine kinases are the only GHKL members
without detectable ATPase activity (Dutta and Inouye, 2000),
their function probably is unrelated to that of CRT1. Consistent
with this assumption, recombinant CRT1 did not exhibit auto-
phosphorylation activity (data not shown), which is a common
attribute of kinases.
Another GHKL member, HSP90, is an abundant and crucial
molecular chaperone required for cell viability. HSP90 also plays
a critical role in defense responses; it is required for resistance
triggered by N, RPS2, RPS4, and RPM1 (Hubert et al., 2003;
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with RAR1 and SGT1b, which are required for resistance sig-
naled by a wide variety of R proteins, and also binds certain R
proteins, such as N and RPM1, HSP90 may act as a chaperone
for the formation of active R protein signaling complexes (Liu
et al., 2004). The ability of CRT1 to bind multiple R proteins,
including HRT, SSI4, RPS2, and Rx, raises the possibility that it
also functions within such a complex. However, sequence
homology between CRT1 and HSP90 is limited to the ATPase
domain, and CRT1, unlike HSP90, has no known animal homo-
log. Moreover, it is predominantly localized in the Golgi complex
(H.-G.K. and D.F.K., unpublished data), whereas HSP90s are
mostly cytosolic, suggesting that they function quite differently.
Nonetheless, CRT1 may function as a cochaperone to facilitate
formation and/or stabilization of R protein complexes since
some cochaperones in animal (Hatle et al., 2007) and some plant
R proteins including RPP1A (Weaver et al., 2006) have been
shown to localized to the Golgi complex and/or its neighboring
endoplasmic reticulum. Recent experimental evidence also sug-
gests that the Golgi complex in mammalian cells may sense and
amplify a cell death signal(s) (reviewed in Hicks and Machamer,
2005), raising the possibility that CRT1 may serve a role in cell
death signaling in Golgi.
While the mechanism through which CRT1 signals defense
responses appears to be distinct from other known GHKL mem-
bers, co-IP results indicated that it binds the NBS domain of
HRT. Interestingly, mutations in the NBS domain of several R
proteins cause either loss of function or autoactivation, suggest-
ing that this domain is important for transducing the resistance
signal (reviewed in DeYoung and Innes, 2006). Thus, CRT1 inter-
action with the NBS domain is consistent with its possible role as
an immediate downstream signaling component. Suppression of
ssi4-induced cell death by some of the truncated CRT1 variants,
perhaps by disrupting interaction between activated R proteins
and WT CRT1, also is consistent with a role(s) of CRT1 in R
gene-mediated signaling. However, this dominant negative phe-
notype does not rule out a possible role of CRT1 in formation/
stabilization of R protein complexes. Further analysis of CRT1
should therefore help clarify the mechanism(s) through which
HR development and disease resistance are activated following
pathogen infection.EXPERIMENTAL PROCEDURES
DNA Constructs
A construct for Dex-inducible TCV CP expression was generated using
pTA7002 (Aoyama and Chua, 1997). A fragment carrying the CP, SSI4, or
ssi4 ORF (open reading frame; an HA epitope tag was previously fused to 30
end of SSI4 and ssi4) with XhoI and SpeI sites at the 50 and 30 ends, respec-
tively, was ligated into pTA7002, creating pTA-CP, pTA-SSI4-HA, and pTA-
ssi4-HA. Forty constructs to complement the crt1 mutant were generated us-
ing pART27. NheI, SpeI, XbaI, or ApaI digested fragments from three BACs
(F23E13, F10G11, and F6D23) spanning the 182 kb region between the
markers CD280 and CD840 (Table S1) were subcloned into the SpeI site of
pART27. Constructs for overexpression of WT (Col-0) and mutant CRT1 in
E. coli were generated using pET28a. Fragments withHindIII sites at the 50 and
30 ends of the CRT1 or crt1 ORF were ligated into the HindIII site of pET28a,
creating pET28-CRT1/crt1. For RNAi-mediated gene silencing, a 140 bp frag-
ment (nt 803–942) of CRT1 was PCR amplified, digested with the appropriate
enzymes, and ligated into the XbaI/HindIII and KpnI/XhoI sites of pHANNIBAL,
creating pH-CRT1-GS. The NotI cassette was transferred to pART27 (WesleyCet al., 2001), creating pAH-CRT1-GS. Constructs for estradiol-inducible
expression of CRT1 and truncated variants was generated using pER8 (Zuo
et al., 2000). A 63 Myc tag with SalI and XhoI was ligated into pER8, creating
pER8-Myc. A fragment containing full-length CRT1 (aa residues 1–635), DN1
(117–635), DN2 (200–635), DN3 (401–635), DC1 (1–116), DC2 (1–200), DC3
(1–400), or RPS2m-HA (Tao et al., 2000) ORF with SpeI sites at the ends
was ligated into pER8-Myc, creating pER8-Myc-CRT1, pER8-Myc-DN1,
pER8-Myc-DN2, pER8-Myc-DN3, pER8-Myc-DC1, pER8-Myc-DC2, pER8-
Myc-DC3, and pER8-RPS2m-HA. pBin61 constructs carrying GFP-HA,
Rx-HA, HRT-HA, HRT-CC-NBS-HA, and HRT-LRR-HA were described
(Rairdan and Moffett, 2006). pBin61 constructs carrying HRT-CC-HA, HRT-
NBS-HA and HRT-NBS-LRR-HA consist of aa residues 1–165, 160–513, and
160–909, respectively.
Mutagenesis, Generation of Transgenic Lines, and the crt1 ssi4
Double Mutant
For the genetic screen, T2 progeny of Di-17 plants transformed with pTA-CP
were germinated on MS medium with hygromycin (Hyg). T4 seeds (27,000)
from GW1-1, a phenotypically WT line that consistently developed necrosis
after Dex treatment, were mutagenized with EMS, as described (Shah et al.,
1997). M1 progeny was self-pollinated and M2 seeds were harvested in
54 pools comprising 400 plants each. M2 seeds (50,000) from the 54 pools
were plated on MS medium with Hyg and 20 mM Dex.
pTA-CP- and pART27-derived constructs were transformed into A. tumefa-
ciens strain GV3101 carrying pMP90, then introduced into Arabidopsis as
described (Bechtold et al., 1993). Transformantswere selected onMSmedium
with kanamycin or Hyg for 2 weeks and transferred to soil. T2 progeny were
used for all experiments. TCV CP transgene expression was induced by
spraying 20 mM Dex in 0.01% Tween-20 on 3-week-old soil-grown plants
(10 ml/plant).
crt1 ssi4 double mutants were isolated by crossing ssi4 (ecotype No¨) plants
with crt1 homozygous plants. CAPS markers for the crt1 and ssi4 (Shirano
et al., 2002) alleles were used to identify the genotypes of the F2 progeny.
For the crt1 marker, a fragment amplified using the primers CRT1-RF
(TGTGTAAGGAGTGAAATGCTTATC) and CRT1-RR (ATCCCACCACCATTAT
CTTCAA) was digested with RsaI, generating an undigested fragment (WT)
or two fragments (crt1).
Map-Based Cloning of crt1
The CRT1 locus was mapped using 148 HR CP-expressing F2 progeny from
crosses between crt1 and BC7-HRT, an HRT homozygous Col-0 line that was
developed by backcrossing Di-17 to Col-0 for seven generations. Additional
markers (Table S1) were generated based on the sequence of Di-17 genomic
DNA between CAT1 and JM142. Single recombination event was observed
with the markers CD280 and CD840; no recombination events were identified
using additional markers within this 182 kb region. 40 overlapping subclones
covering this region were transformed into crt1 mutant plants via Agrobacte-
rium. Complementation analysis was performed by monitoring Dex-treated
T1 plants for CP-induced HR.
Recombinant Proteins and ATPase Assay
pET28-CRT1/crt1 constructs were transformed into E. coli BL21(DE3) for ex-
pression of recombinant proteins. 63 His tagged recombinant proteins were
nickel affinity purified (Novagen). For the ATPase assay, 0.5 mg of recombinant
protein or Na+K+ATPase (Sigma) was incubated in 15 ml of 10 mM Tris-HCl/
pH7.9, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, and 10 mCi [g-
32P] ATP
or GTP (Perkin Elmer) for 10 min at 30C. The remaining procedure was
performed as described (MacKintosh, 1993).
Northern and RT-PCR
RNA extraction was performed using the Trizol reagent (Invitrogen). Northern
analysis was performed with PR-1 and PR-5 probes as described (Kang and
Klessig, 2005). RT-PCRwas performed using cDNA generated by SuperScript
RT (Invitrogen) with the primers listed in Table S2.
Coimmunoprecipitation and Immunoblot Analyses
Coimmunoprecipitation (co-IP) was performed as described (Sacco et al.,
2007) except that the extraction buffer contained 0.1% Triton X-100.ell Host & Microbe 3, 48–57, January 2008 ª2008 Elsevier Inc. 55
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2005) with an aCP antibody raised in a rabbit, aHAHRP antibody (Roche),
and aMycHRP antibody (Santa Cruz). Equal loading of proteins was checked
by staining the PVDF membrane (Millipore) with Coomassie blue to visualize
the LSU of RuBPCase (data not shown).
Pathogen Infection, Transient Gene Expression in N. benthamiana
and Arabidopsis, Trypan Blue Staining, and Conductivity Assay
Infection with TCV was performed as described (Cooley et al., 2000), except
that only 10% of in vitro transcribed TCV was used to prevent the occasional
susceptibility observed in Di-17 with high inoculum (Chandra-Shekara et al.,
2004). Infection with Pstwas carried out as described (Shah et al., 1997).Agro-
bacterium-mediated transient expression in N. benthamiana and Arabidopsis
was performed as described (Menke et al., 2005). Trypan blue staining was
performed as described (Bowling et al., 1994). For cell death measurement,
3 discs/plant (9 mm diameter) were floated in 2 ml of deionized H2O for 4 hr
at 25C with shaking (100 rpm) and conductivity was measured with an Acorn
Con 5 meter (Oakton Instruments).
Supplemental Data
The Supplemental Data include three supplemental figures and two supple-
mental tables and can be found with this article online at http://www.
cellhostandmicrobe.com/cgi/content/full/3/1/48/DC1/.
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